Understanding how bacteria colonize surfaces and regulate cell cycle progression in response to cellular adhesion is of fundamental importance. Here, we used transposon sequencing in conjunction with FRET microscopy to uncover the molecular mechanism how surface sensing drives cell cycle initiation in Caulobacter crescentus. We identified the type IV pilin protein PilA as the primary signaling input that couples surface contact to cell cycle initiation via the second messenger c-di-GMP. Upon retraction of pili filaments, the monomeric pilin reservoir in the inner membrane is sensed by the 17 amino-acid transmembrane helix of PilA to activate the PleC-PleD two component signaling system, increase cellular c-di-GMP levels and signal the onset of the cell cycle. We termed the PilA signaling sequence CIP for cell cycle initiating pilin peptide. Addition of the chemically synthesized CIP peptide initiates cell cycle progression and simultaneously inhibits surface attachment. The broad conservation of the type IV pili and their importance in pathogens for host colonization suggests that CIP peptide mimetics offer new strategies to inhibit surface-sensing, prevent biofilm formation and control persistent infections.
determined the relative length of the G1 phase by fluorescence 48 microscopy using a previously described cell cycle reporter 49 strain (11) (Materials and Methods). We found that the 50 culturing of Caulobacter at 10°C caused a more than 1.4-fold 51 increase in the relative duration of the G1 phase indicating a 52 delay in cell cycle initiation (Fig. 1b ). This finding suggested 53 the presence of a specific cell cycle checkpoint that delays cell 54 cycle initiation during reduced growth conditions. 55
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No conflict of interest declared. Fig. 1 . Transposon sequencing identifies conditionally essential genes required during reduced growth. (a) Caulobacter divides asymmetrically into a replication competent stalked cell and a swarmer cell. The master regulator CtrA inhibits DNA replication in swarmer cells and is proteolytically cleared upon an increase in cellular levels of the second messenger c-di-GMP at the G1-S phase transition. (b) Cellular replication under slow-growth conditions increases the relative duration of the G1-phase. (c) TnSeq across the 4.0 Mbp Caulobacter genome defines 45 core-essential cell cycle genes (grey marks) to sustain growth at 5°C, 10°C, 25°C and 30°C (outer to inner track) and 12 conditionally essential genes required for slowgrowth conditions (blue marks). (d) Hierarchical cluster analysis of the 12 conditionally essential genes required for slow growth.
TnSeq identifies conditionally essential cell cycle genes. To 56 identify the complete set of genes required for cell cycle pro-57 gression at different growth rates, we designed a systems-wide 58 forward genetic screen based on quantitative selection analysis 59 coupled to transposon sequencing (TnSeq) (12, 13) . TnSeq 60 measures genome-wide changes in transposon insertion abun-61 dance upon subjecting large mutant populations to different 62 selection regimes and enables genome-wide identification of 63 essential genes. We hypothesised that the profiling of growth-64 rate dependent changes in gene essentiality will elucidate the 65 components of the cell cycle machinery fundamental for cell 66 cycle initiation under reduced growth conditions. We selected 67 Caulobacter transposon mutant libraries for prolonged growth 68 at low temperatures (5°C and 10°C) and under standard labo-69 ratory cultivation conditions (25°C and 30°C). Cumulatively, 70 we mapped for each condition between 397'377 and 502'774 71 unique transposon insertion sites across the 4.0 Mbp Caulobac-72 ter genome corresponding to a transposon insertion densities 73 of 4-5 bp (Table S2 ).
74
To identify the factors required for cell cycle progression, 75 we focused our analysis on essential genes (Data SI) that are 76 expressed in a cell cycle-dependent manner (Materials and 77 Methods, (14-16)). Among 373 cell cycle-controlled genes, 78 we found 45 genes that were essential under all growth con-79 ditions ( Fig. 1c , Data SI), including five master regulators 80 (ctrA, gcrA, sciP, ccrM and DnaA) , eleven divisome and cell 81 wall components (ftsABILQYZ, fzlA and murDEF ), six DNA 82 replication and segregation factors (dnaB, ssb, gyrA, mipZ, 83 parB and ftsK ) as well as 23 genes encoding for key signalling 84 factors and cellular components required for cell cycle pro-85 gression (Data SI). Collectively, these 45 genes form the core 86 components of the bacterial cell cycle machinery.
87
Components of the c-di-GMP signalling network are condi-88 tionally essential for slow growth. During reduced growth con-89 ditions, we found 12 genes that specifically became essential 90 ( Fig. 1c ). To gain insights into the underlying genetic modules, 91 we performed a hierarchical clustering analysis and grouped 92 these 12 genes according to their growth-rate dependent fit-93 ness profile into three functional clusters A, B and C ( Fig. 1d , 94 Materials and Methods).
95
Cluster A contained four conditionally essential genes that 96 exhibited a large decrease in fitness during slow-growth con-97 ditions (Fig 1d, Fig. S1 ). Among them were pleD, cpdR, 98 rcdA and lon that all comprise important regulators for cell 99 cycle controlled proteolysis. The diguanylate cyclase PleD 100 produces the bacterial second messenger c-di-GMP, which be-101 comes restricted to the staked cell progeny upon asymmetric 102 cell division and is absent in the newly born swarmer cell 103 ( Fig. 1a, (17) ). During the G1-S phase transition, c-di-GMP 104 levels raise again and trigger proteolytic clearance of the cell 105 cycle master regulator CtrA (Fig 1a) , which is mediated by 106 ClpXP and the proteolytic adaptor proteins RcdA, . Similarly, the ATP-dependent endopeptidase 108 Lon is responsible for the degradation of the cell cycle master 109 regulators CcrM, . Taken together, 110 these findings underscore the importance to control proteolysis 111 of CtrA and other cell cycle regulators to maintain cell cycle 112 progression at low growth rates when intrinsic protein turnover 113 rates are marginal.
114
Cluster B contained five genes including the two kinase 115 genes pleC and shkA, a gene of unknown function encoding for 116 a conserved hypothetical protein (CCNA_02103) as well as 117 the type IV pilin gene pilA and the flagellar assembly ATPase 118 flbE/fliH (Fig 1d, Fig. S2 ). Multiple genes of cluster B par-119 ticipate in c-di-GMP signalling. Among them, we found the sensor kinase PleC that functions upstream and activates the we observed that the majority of synchronized cells quickly 171 transitioned into the S phase with only 11.8% (143 out of 1073 172 cells) remaining in the G1 phase as indicated by low c-di-GMP 173 levels ( Fig. 2a,b ). In contrast, we observed that more than 174 52.2% (821 out of 1570 cells) of all synchronized ΔpilA mutant 175 cells exhibited a delay in the G1-S transition and maintained 176 low c-di-GMP levels for a prolonged interval ( Fig. 2a,b ). Sim-177 ilarly, using time-lapse studies to follow signalling trajectories 178 of individual cells, we found that ΔpilA mutants exhibited a 179 more than 1.8 fold increase in the duration of the G1 phase 180 as compared to wildtype cells ( Fig. 2c ). Providing a episomal 181 copy of pilA restored the cell cycle timing defect of a ΔpilA 182 mutant strain ( Fig. 2a,b ). These findings establish the type 183 IV pilin PilA as a novel cell cycle input signal.
184
PilA controls cell cycle initiation via the sensor kinase PleC 185 and the diguanylate cyclase PleD. PleC is a bifunctional phos-186 phatase/kinase that switches activity in a cell cycle dependent 187 manner (28). In the newborn swarmer cell, PleC first assumes 188 phosphatase activity to inactivate the diguanylate cyclase PleD 189 and establish low cellular c-di-GMP levels. Subsequently, PleC 190 switches to a kinase and activates PleD at the G1-S-phase 191 transition. To test whether PilA functions as an input signal 192 for the PleC-PleD signalling cascade, we measured c-di-GMP 193 signalling dynamics and compared the duration of the G1 194 phase in single and double deletion mutants using FRET mi-195 croscopy (Materials and Methods, Fig. S4 ). Similar to ΔpilA 196 mutants, ΔpleD mutants also prolonged the G1 phase more 197 than two-fold as compared to the wildtype control (18% and 198 22% versus 9% G1 cells in wildtype, Fig. S4 ). However, a 199
ΔpilA, ΔpleD double mutant only marginally increased the 200 duration of the G1 phase and showed similar frequencies of 201 swarmer cells with low-c-di-GMP levels as compared to a 202 strain lacking solely pleD (28% and 22% G1 cells, Fig S4) . 203 This genetic evidence suggest that PilA resides upstream of 204 PleD. Thus, besides its role as a structural component of the 205 type IVb pilus, PilA likely comprises an input signal for the 206 sensor kinase PleC, which serves as the cognate kinase of PleD, 207 to increase c-di-GMP levels at the G1-S phase transition.
208
The inner membrane reservoir of the type IV pilin PilA signals 209 cell cycle initiation. PilA harbours a short 14 aa N-terminal 210 leader sequence required for translocation across the inner 211 membrane that is cleaved off by the peptidase CpaA (29) (30) (31) . 212 To test whether translocation of PilA is a prerequisite for 213 signalling the cell cycle initiation, we constructed a cytoso-214 lic version of PilA (pilA15-59) lacking the N-terminal leader 215 sequence needed for the translocation of the matured PilA 216 across the membrane. Unlike the full-length PilA, the episomal 217 expression of the translocation-deficient version of PilA did 218 not complement for the cell cycle timing defect of a ΔpilA mu-219 tant. Similarly, we found that solely expressing the N-terminal 220 leader sequence of PilA (pilA1-14) neither restored the cell 221 cycle timing defects of a ΔpilA mutant ( Fig. 2d, Fig. S5 , 222  Table S3 ). We concluded that the translocation of PilA into 223 the periplasm is a prerequisite to signal cell cycle initiation.
224
Upon translocation and cleavage of the N-terminal leader 225 sequence, the mature form of PilA resides as a monomeric 226 protein in the inner membrane (32). Through the action 227 of a dedicated type IV pilus assembly machinery, the inner 228 membrane-bound reservoir of PilA polymerizes into polar pili 229 filaments that mediate initial attachment to surfaces (33). 230 However, only pilA but none of the other component of the 231 pilus assembly machinery became essential in our TnSeq screen 232 under slow-growth conditions ( Fig. 1c , Table S4 , Data SI). 233 Furthermore, unlike ΔpilA mutants, deletion mutants of the 234 pilus assembly machinery genes cpaA, cpaD, and cpaE did not 235 prolong the G1 phase but, in contrast, shorted the duration 236 of the G1-phase two-fold as compared to the wildtype control 237 (4%, 3%, and 5% G1 cells, Fig S4) . The observation that 238 the translocation of PilA monomers across the inner mem-239 brane is necessary but the subsequent polymerization of PilA 240 (Fig. 2d, Fig. S5 , Table S3 ). 260 However, increasing the N-terminal portion of the matured 261 PilA protein to 17, 25, and 37 amino acids (pilA1-33, pilA1-40, 262 pilA1-47) restored the cell cycle initiation defects of a ΔpilA 263 mutant (Fig. 2d, Fig. S5 , Table S3 ). Based on these findings, 264 we concluded that a small N-terminal peptide sequence cov-265 ering only 17 N-terminal amino acids from the mature PilA 266 (Fig. 2e) is sufficient to initiate c-di-GMP dependent cell cycle 267 progression. Accordingly, we annotated these 17 amino acids 268 as cell cycle initiating pilin sequence (CIP) ( Fig. 2e ). of chemically synthesized CIP peptide and assayed c-di-GMP 279 signalling dynamics by FRET microscopy (Fig. 2a,b) . Indeed, 280 we found that addition of the CIP peptide induced cell cycle 281 transition into the S-phase as indicated by a 6.5 fold lower 282 abundance of G1-swarmer cells with low c-di-GMP levels as 283 compared to an untreated ΔpilA cell population (8% vs 52% 284 G1 cells, Fig. 2a,b) . These findings suggest that the addition in pleiotrophic defects and causes daughter cells to omit the 293 G1-phase with low c-di-GMP levels (Fig. S4, (17) ). Further-294 more, pleC deletion mutants lack polar pili and show defects 295 in initial attachment to surfaces (34 we also found that the addition of the CIP peptide to wildtype 308 Caulobacter CB15 cells reduced initial attachment by 71.3 ± 309 1.6% (Fig. 3c,d) with a half-effective peptide concentration 310 (EC50) of 8.9 µM (Fig. S6 ) and a Hill coefficient of 1.6 suggest-311 ing positive cooperativity in binding of CIP to a multimeric 312 receptor complex. Altogether, these findings support a model 313 in which the CIP sequence of PilA functions as a pleiotropic 314 small peptide modulator of the sensor kinase PleC leading to 315 premature cell cycle initiation, retraction of type IV pili and 316 impairment of surfaces attachment.
317

Discussion
318
Understanding how bacteria regulate cell cycle progression 319 in response to external signalling cues is of fundamental im-320 portance. In this study, we used a transposon sequencing 321 approach to identify genes required for cell cycle initiation. 322 Comparing deviations in gene essentiality between growth at 323 low temperatures (5°C and 10°C) and under standard labo-324 ratory cultivation conditions (25°C and 30°C) allowed us to 325 pinpoint genes required exclusively for cell cycle initiation. We 326 identified the pilin protein PilA together with 6 additional 327 components of a multi-layered c-di-GMP signalling network 328 (Fig. 1) as key determinants that control cell cycle initiation. 329 Using FRET microscopy studies, we quantified c-di-GMP sig-330 nalling dynamics inside single cells and found that, besides 331 its structural role in forming type IVb pili filaments, PilA 332 comprises a specific input signal for activation of c-di-GMP 333 signalling at the G1-S phase transition. Furthermore, we 334 show genetic evidence that PilA functions upstream of the 335 PleC-PleD two-component signalling system and present data 336 that the monomeric PilA reservoir is sensed through a short 337 17 amino acid long N-terminal peptide sequence (cell cycle 338 initiation pilin, CIP). It is remarkable that the Caulobacter 339 PilA is a multi-functional protein that encodes within a 59 340 amino acid polypeptide a leader sequences for translocation, 341 the CIP sequence for cell cycle signalling functions as well as 342 structural determinants required for pili polymerization. 
